Introduction White matter hyperintensities (WMHs) are a risk factor for Alzheimer's disease (AD). This study investigated the relationship between WMHs and white matter changes in AD using diffusion tensor imaging (DTI) and the sensitivity of each DTI index in distinguishing AD with WMHs. Methods Forty-four subjects with WMHs were included. Subjects were classified into three groups based on the Scheltens rating scale: 15 AD patients with mild WMHs, 12 AD patients with severe WMHs, and 17 controls with mild WMHs. Fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (D R ), and axial diffusivity (D A ) were analyzed using the region of interest and tract-based spatial statistics methods. Sensitivity and specificity of DTI indices in distinguishing AD groups from the controls were evaluated.
Results AD patients with mild WMHs exhibited differences from control subjects in most DTI indices in the medial temporal and frontal areas; however, differences in DTI indices from AD patients with mild WMHs and AD patients with severe WMHs were found in the parietal and occipital areas. FA and D R were more sensitive measurements than MD and D A in differentiating AD patients from controls, while MD was a more sensitive measurement in distinguishing AD patients with severe WMHs from those with mild WMHs. Conclusions WMHs may contribute to the white matter changes in AD brains, specifically in temporal and frontal areas. Changes in parietal and occipital lobes may be related to the severity of WMHs. D R may serve as an imaging marker of myelin deficits associated with AD. Axial diffusivity ROCIntroduction White matter hyperintensities (WMHs) that appear on T 2 -weighted magnetic resonance imaging (MRI) can be found in diseases, such as hypertension and diabetes, and reflect small vessel diseases indirectly [1] . Due to damage to the cerebral white matter, WMHs, especially when they are confluent, may cause a decline in specific cognitive abilities including memory, executive functioning, and response speed [2, 3] . Cerebrovascular pathology in the form of WMHs is commonly observed in patients with Alzheimer's disease (AD) [4] . It has been suggested that WMHs originating from vascular abnormalities may be a risk factor for AD [5, 6] . However, the clinical significance of WMHs in AD patients is not well understood [7] . It is of great interest to investigate whether WMHs are associated with a change in white matter integrity and the decline of cognitive functions in AD. One approach to address this issue is to evaluate white matter tissue affected by WMHs using non-invasive imaging methods, such as diffusion tensor imaging (DTI).
DTI measures the directionality and mobility of water diffusion in tissue and is a powerful tool for studying the structural integrity of white matter fibers that connect cortical regions [8] . Mean diffusivity (MD), an average of eigenvalues (λ 1 , λ 2 , and λ 3 ) derived from DTI, is a measure of the average motion of water molecules in all directions, while fractional anisotropy (FA) is a measure of the degree of directional restricted motion of water molecules. More specifically, FA is a scalar value between zero and one that describes the degree of anisotropy of a diffusion process. A value of zero means that diffusion is isotropic, i.e., it is unrestricted (or equally restricted) in all directions. A value of one indicates that diffusion occurs only along one axis and is fully restricted along all other directions. Previous DTI studies have found reductions of FA values in various white matter regions, including the posterior corpus callosum, posterior cingulum, fornix, and bilateral uncinate fibers of AD patients [9, 10] . Other regionally unbiased DTI studies have shown FA reductions in parietal and temporal regions as well as in the thalamus and internal capsule of AD patients [11, 12] . More recently, axial diffusivity (D A ) and radial diffusivity (D R ) derived from DTI have also been used to measure specific properties of white matter structure. D A (λ || ) is the principal eigenvalue of the diffusion tensor λ 1 , which is also called the longitudinal diffusivity or the axial diffusivity or even the parallel diffusivity λ || , i.e., λ || =λ 1 . On the other hand, D R l ? ð Þ is the average of the second and third eigenvalues, i.e., l ? ¼ ðl 2 þ l 3 Þ=2, which is also be called the perpendicular diffusivity l ? ð Þ. Since the surrounding myelin sheath is considered to be the main cause of restricted diffusion across axonal fiber tracts, water diffusion anisotropy of axonal fiber tracts likely reflects myelin or axonal integrity [13] . Earlier studies have suggested that D A represents the water diffusion parallel to the axonal fibers in the central nervous system and D R represents the water diffusion perpendicular to the axonal fibers [14] . It is believed that this quantity is an assessment of the degree of restriction due to membranes and other effects and proves to be a sensitive measure of degenerative pathology in some neurological conditions. Therefore, increases of D R and D A observed in white matter are considered to be related to myelin and axonal breakdown [15] , although such an interpretation still needs further validation [16] .
Despite the importance of understanding the role of WMH in AD and interests in developing non-invasive imaging markers for improving AD diagnosis, only limited studies have reported DTI measured white matter alterations and their possible relation with WMHs in AD patients [3, 17] . In this study, we used DTI to investigate whether WMHs are associated with the alteration of white matter integrity of AD patients with varying degrees of WMHs in the periventricular and deep white matter. In addition, we specifically sought to determine which DTI indices, i.e., FA, MD, D R, and D A , are useful imaging measurements for distinguishing AD patients from age-and gender-matched cognitively normal controls.
Subjects and methods

Subject recruitment and assessment
This study was approved by the Emory University Institutional Review Board. Written consents were obtained from all participants and their representatives. Participants were recruited from the Memory Assessment Clinics in the Emory Neurology Department and from the Emory Alzheimer's Disease Research Center. Twenty-seven right-handed subjects (15 men, 12 women; average age of 74.8±6.3 years old) who met NINCDS-ADRDA criteria [18] for AD were included in the study. Based on their WMH scores on the Scheltens rating scale [19] , AD patients were divided into two groups: mild WMHs (Group I, n=15) and severe WMHs (Group II, n= 12). In addition, 17 cognitively normal age and gender matched subjects with mild WMHs (ten men, seven women; mean age of 73.6±5.2 years) were recruited as a control group (Group III). Subject evaluations included screening for other types of dementia or for coexisting conditions that could affect cognition. All participants did not have any history or finding suggestive of stroke as determined by reviewing their medical records and a neurologic exam.
MRI data acquisition A brain MRI protocol including structural MRI and DTI was performed on each subject using a Siemens 3T Tim/Trio scanner (Siemens Medical System, Malvern, PA) and a standard 8-channel head coil. Parallel imaging with Generalized Autocalibrating Partially Parallel Acquisition (GRAPPA) was used in all scans. For structural MRI, axial 3D T 1 -weighted multiplanar magnetization prepared rapid gradient echo (MPRAGE) imaging with TR=45 ms and TE=15 ms was used with a field of view (FOV) of 240 mm, matrix of 256×256, and slice thickness of 1 mm. In addition, T 2 -weighted fast spin-echo (FSE) images (TR=4,900 ms and TE=110 ms) were collected in the same section location with 60 slices, 2-mm thickness and no gap. These were followed by a fluid-attenuated inversion recovery (FLAIR) sequence, with TR=6,000 ms and TE=81 ms with 27 slices and 4-mm slice thickness to detect WMHs. For DTI, images were recorded in the axial direction with 60 slices and 2-mm thickness with no gap using the same FOV and slice locations used in T 2 -weighted imaging. Directional sensitized diffusion-weighted single-shot spin-echo echo-planar imaging sequence with 20 gradient directions was used with the following imaging parameters: TR=9,800 ms; TE= 74 ms, b values of 0 or 1,000 s/mm 2 . DT images were collected with a matrix of 128×128 and then reconstructed to a matrix size of 256×256.
Ratings of white matter hyperintensities
WMHs are characterized as areas in the deep and periventricular white matter with increased signal intensity found on FLAIR and T 2 -weighted images. However, lesions with an increased T 2 signal but smaller than 2 mm are considered to be perivascular spaces not WMHs [20] . The extent and degree of WMHs were independently assessed by study radiologists (L.W. and C.H.) on axial FLAIR images based on the Scheltens rating scale. This scale provides scores reflecting the severity of WMHs and ratings of subcortical signal hyperintensities according to the size and number of lesions. Briefly, combined scores (0-30) can be assigned for WMHs observed in the cerebral regions of periventricular, deep and subcortical white matter. For the periventricular region including subgroups of frontal, occipital, and lateral aspects, respectively, a total score of 0-6 ranges from 0=no abnormalities, 1=hyper-intensity ≤5 mm, or 2=hyperintensity >5 mm and <10 mm. Any hyperintensity with a size over 10 mm is considered a deep and subcortical hyperintensity. For deep and subcortical white matter (a total score of 0-24), WMHs are scored in the frontal, temporal, occipital, and parietal lobes with a score of 0-6 for subgroups. Scores range from: 0=no abnormalities, 1=hyperintensity <3 mm and n ≤5, 2= hyperintensity <3 mm and n>6, 3=hyperintensity 4-10 mm and n≤5, 4=hyperintensity 4-10 mm and n>6, 5=hyperintensity >11 mm, and n>1, 6=confluent. In the current study, if two independent raters differed in their rating by one point, the final rating was given as the mean of the two values. In cases where the difference was greater than one point between the raters, a consensus was reached based on a discussion. Because the size and number of WMHs had significant variations in their scores and locations among individuals, AD patients were divided into two groups according to the total WMH scores: Group I with mild WMHs (mean score: 3.7±1.1) and Group II with severe WMHs (mean score: 11.3±5.3). Subjects in Group I typically had a single WMH lesion with a size ≤5 mm, while subjects in Group II had more than two WMH lesions with the size >5 mm. Similar to Group I, subjects in the control group (Group III, mean score: 2.1±1.1) also had a single WMH lesion with a size ≤5 mm. T 2 -weighted and FLAIR images in Fig. 1 show examples of WMHs observed in the different white matter regions of selected subjects with different WMH scores.
Image and data analysis Diffusion tensor images were processed and analyzed using the software of FSL (FMRIB, Oxford University, http:// www.fmrib.ox.ac.uk/fsl/). Eddy-current distortions were corrected to compensate for the stretch and shear in the diffusion-weighted images. Tensor eigenvalues (λ 1 , λ 2, and λ 3 ) were derived and the maps of DTI indices, i.e., FA, MD, D A, and D R , were generated using the algorithm implemented in FSL. Maps of D A and D R were calculated on a voxel-by-voxel basis after ranking the eigenvalues (λ 1 >λ 2 >λ 3 ). DTI data analysis was performed following the standard procedure of voxel-wised cross subject analysis using the measurements obtained from TractBased Spatial Statistics (TBSS) implemented in FSL 4.0. All FA maps from the subjects of each group were aligned onto a standard FA template using a nonlinear registration tool provided in the TBSS package [21] . The mean FA map of each group and a mean FA skeleton image that represented the centers of all tracts common to the group were generated. A threshold of FA >0.2 was set to include the major white matter pathways, but to exclude peripheral tracts where there was significant inter-subject variability and/or partial volume effects with gray matter. The FA map of each subject was then projected onto this skeleton to obtain averaged DTI indices for each group using TBSS. A similar procedure was also applied to the analyses of MD, D R , and D A maps. In order to examine white matter changes in selected anatomic regions, FA, MD, D R , and D A measurements of each subject were obtained from region-of-interests (ROI) selected on the skeletons derived from TBSS and in reference to anatomical regions shown in T 1 -weighted images. ROIs, as shown in Fig. 2a -c, were typically a volume of 5×5× 5 mm 3 and were selected in the white matter regions adjacent to the paracingulate gyrus of the medial frontal area, middle and superior temporal areas, lateral occipital and postcentral gyrus of the parietal lobe, as well as the anterior internal capsule (AIC) and posterior internal capsule (PIC) bilaterally.
Statistical analysis
To detect white matter changes in different anatomical regions, mean FA, MD, D R , and D A measured from ROIs of three groups were analyzed and compared using the analysis of variance procedure implemented in the Statistical Package for the Social Sciences (SPSS, Chicago, IL, v15.0). Binary logistic regression with receiver operator characteristic (ROC) analysis was carried out to obtain the sensitivity and specificity of each measurement. Sensitivity and specificity of each DTI measurement in differentiating AD patients from controls was assessed using the area under the curve (AUC) derived from ROC analysis. AUC was used to evaluate the Optimal Cutoff Point, which is given by the maximum of the Youden index. The Youden index J returns the maximal value of the expression (for inverted models, it returns the minimum):
where SE (t) and SP (t) are, respectively, the sensitivity and specificity over all possible threshold values t of the model. Thus, the Optimal Model Threshold corresponds to the model output at the Optimal Cutoff Point. A result with P<0.05 was considered statistically significant. We also defined the power of each DTI index in differentiating different groups based on their percentage contributions to the total DTI measurements that showed statistically significant sensitivity and specificity in different white matter structures. Briefly, the number of ROIs which showed statistically significant differences (P<0.05) in each DTI index was counted as N FA , N MD , N D A , and N D R , respectively. The power of each DTI index was calculated as its percentage in the sum of N FA , N MD , Fig. 1 When AD subjects with severe WMHs were compared with the controls, we observed significantly decreased FA, and increased MD and D R values in most of the selected ROIs. However, increased D A values were only observed in a few ROIs. Furthermore, both decreased FA and increased D R were more pronounced in the left cerebral hemisphere of AD subjects when compared with controls, as shown in Fig. 4 . Such lateralization was not observed when comparing AD subjects with different degrees of WMHs.
Results
Characterization of WMHs
Sensitivity and specificity of DTI indices
The results from ROC analyses as summarized in Table 3 show that specific DTI indices and measurements obtained from the left temporal and bilateral AIC regions, differentiated AD patients from controls. Moreover, FA and D R measured from the left cerebral hemisphere were particularly sensitive. Using FA value changes in the superior left temporal region, subjects with AD could be differentiated from controls with a sensitivity of 88% and a specificity of 60%. When using FA value changes in the left AIC, sensitivity and specificity reached 94% and 53%, respectively.
The sensitivity or the power of different DTI indices, i.e., FA, D R , MD, and D A in differentiating AD with WMHs (Fig. 5a ). This suggests that FA and D R were more powerful measurements than MD and D A in differentiating AD patients from controls. In contrast, when AD subjects with different degrees of WMHs in Group I and Group II were compared, changes in MD and D R were found in 29% and 33% of all specific ROIs, respectively (Fig. 5b) . P MD and P D R were higher than that of P FA and 
Discussion
The presence of WMHs in AD patients has been associated with reduced cognitive scores [22] , and an earlier study with MRI and DTI suggested that cerebrovascular pathology has a stronger impact on the diffusivity value than AD pathology alone [23] . However, studies using simple behavioral rating scales to assess total WMH burden have yielded less consistent evidence linking cognition and WMHs in AD [24] [25] [26] [27] . Our study demonstrates that FA and D R are sensitive in differentiating AD patients from normal controls. In addition, MD is more sensitive in differentiating AD patients with severe versus mild WMHs. These findings suggest that it is important to examine individual DTI indices when evaluating white matter in order to better understand the role of WMHs in changes in white matter and cognitive functions. Although mechanisms and biological origins of individual DTI indices are a subject of further investigation, increased D R is generally considered to reflect that more water diffusion is occurring perpendicular to axons, representing less myelination or reduced oligodendroglial integrity [8] . Therefore, D R may be a characteristic of AD related white matter disruptions in the form of demyelination that is different from the axonal damage as measured by FA. A number of studies, including the current study, have provided experimental evidences that D R and/or D A appear to be more specific to the white matter changes than the overall measurement of FA, which is the square root of the sum of squares (SRSS) of the diffusivity differences, divided by the SRSS of the diffusivities. One possible explanation is that FA is an average of the differences of several directionally sensitive diffusion measurements, including D R and D A , but not specific components that may be affected by the disease preferentially. In addition, a highly intact white matter area may consist of crossing fibers which may lead to a low FA value, even though individual diffusivities, D A and D R , are high. In contrast, individual measurement of D R or D A may provide more specific characterizations of diffusion restrictions and minimize the underestimation of white matter fiber with FA. Thus, examining D R or D A can potentially lead to the more sensitive detection of white matter changes. Similar to the previous studies [15] , we observed white matter changes as measured by FA and D R values in the middle and superior temporal lobes [28] , frontal lobes, [29] , and AIC, when comparing AD patients with mild WMHs to controls (i.e., Group I vs. Group III). In addition, the current study examined whether regional WMHs were responsible for their DTI changes and showed that the degree of white matter changes, specifically as measured by MD, was associated with the extent of WMHs in specific brain areas. The changes in MD and D R values were localized to the parietal and occipital lobes and the AIC and PIC, when comparing AD patients with mild WMHs and severe WMHs (i.e., Group I and Group II). To our knowledge, such patterns of white matter changes have not been reported previously. Taking the results derived from the group comparisons as a whole, our current study supports the notion that WMHs are associated with white matter changes in frontal and temporal regions in AD brains. Furthermore, it is possible that WMHs may also mediate the white matter changes in parietal and occipital Fig. 5 The pie plots demonstrate the power of each DTI measurement in distinguishing AD patients with mild WMHs (group I) from controls with mild WMHs (group III) (a), and differentiating AD patients with mild WMHs (group I) from AD patients with severe WMHs (group II) (b). The chart is normalized from the sum of all ROIs exhibiting statistically significant differences in at least one of the DTI indices, i.e., FA, D R , MD, and D A . With higher percentages of effective ROIs compared to the others, FA and D R were more sensitive measurements for distinguishing AD patients from controls, and MD was more effective for differentiating the severity of WMHs areas of AD patients. However, the underlying mechanism of such patterns of white matter changes and their relationships to the severity of WMHs and focal atrophy suggestive of AD, such as hippocampal atrophy, need further investigation and validation. We found that most subjects had WMHs in the basal ganglia region (such as AIC and PIC), which is consistent with an earlier study [30] . This observation is intriguing with regards to our suggestion of the link between WMHs and AD. One possible explanation is that the regionspecific white matter damage reflected by WMHs may be related to the small vascular structures of these areas. The AIC contains frontopontine (corticofugal) fibers which project from the frontal cortex to the pons, and thalamocortical fibers which connect the medial and anterior nuclei of the thalamus to the frontal lobes. The lenticulostriate branches of the middle cerebral artery (superior half) and recurrent artery of Heubner from the anterior cerebral artery (inferior half) are important for the blood supply to the AIC. These small arteries are particularly susceptible to narrowing in the condition of chronic hypertension, and can result in small, punctuate lacunar infarctions or intraparenchymal hemorrhage and WMHs observed on MRI. The central branches of the middle cerebral artery are the medial and lateral striata arteries which provide blood supply to the basal ganglia, internal capsule, and thalamus. When there is disruption to these arteries, the fibers within the internal capsule can be damaged, causing functional impairments. The striata consists of very thin arteries that have high internal blood pressure. They are considered by many to be vulnerable to hemorrhages and to blockages, consequently disrupting cognitive functions.
Another interesting finding in the current study is that the white matter alterations were greater in structures lateralized in the left hemisphere of AD patients, similar to what has been reported in previous studies [31, 32] . Although it is not clear whether the left hemisphere is inherently more vulnerable than the right in AD patients, the importance of white matter structures in the left cerebral hemisphere in relation to cognitive functions, including language, has been extensively investigated. The contribution of WMHs and DTI measured changes in white matter integrity with performance on a battery of cognitive measures in the same study cohort is currently underway.
We recognize that the current study has several limitations, including: (1) the small sample size in Group II due to the difficulty in identifying AD patients who have a high degree of WMHs but do not have a stroke history; and (2) the lack of a cognitively normal age-matched control group with severe WMHs, in order to determine whether the relationship between WMHs and AD is unique. In addition, limited subjects limited this study from further examining the role of WMHs in the changes of white matter integrity in the regional specific manner, e.g., association of frontal WMHs to the FA changes in the frontal lobe. Therefore, the suggestions that the extent of WMHs is associated with in certain specific brain areas and that individual DTI indices, such as D R and FA are specific to the types of white matter changes still need to be tested and validated in the future studies.
Conclusions
This study provides further evidence that white matter alterations, as measured by DTI, occur in the temporal and frontal areas of AD patients with mild and severe degrees of WMHs. WMHs may mediate the white matter damage in certain regions of AD brains, specifically in parietal and occipital areas. Among measurable DTI indices, FA and D R are more sensitive in discriminating AD patients with WMHs from controls, while MD is more effective in discriminating AD patients with severe WMHs from AD patients with mild WMHs. Furthermore, radial diffusivity (D R ) may serve as an imaging marker for myelin deficits caused by WMHs and/or AD.
